Chagas disease or American trypanosomiasis is a worldwide public health problem. In this work, we evaluated 26 new propyl and isopropyl quinoxaline-7-carboxylate 1,4-di-N-oxide derivatives as potential trypanocidal agents. Additionally, molecular docking and enzymatic assays on trypanothione reductase (TR) were performed to provide a basis for their potential mechanism of action. Seven compounds showed better trypanocidal activity on epimastigotes than the reference drugs, and only four displayed activity on trypomastigotes; T-085 was the lead compound with an IC 50 = 59.9 and 73.02 µM on NINOA and INC-5 strain, respectively. An in silico analysis proposed compound T-085 as a potential TR inhibitor with better affinity than the natural substrate. Enzymatic analysis revealed that T-085 inhibits parasite TR non-competitively. Compound T-085 carries a carbonyl, a CF 3 , and an isopropyl carboxylate group at 2-, 3-and 7-position, respectively. These results suggest the chemical structure of this compound as a good starting point for the design and synthesis of novel trypanocidal derivatives with higher TR inhibitory potency and lower toxicity.
Introduction
American trypanosomiasis or Chagas disease is a neglected tropical disease caused by the parasitic protozoa Trypanosoma cruzi [1] . The infection is transmitted to humans by blood-sucking triatomine bugs, which excrete the parasite in their feces near the bite site during feeding. Other modes of transmission are blood transfusion, congenital transmission, organ transplantation or less frequently, by eating contaminated food [2, 3] . The disease is endemic in Latin America and it is estimated that around 7 million cases exist around the world [4] . Chagas disease starts with an acute phase that is frequently asymptomatic, characterized by high parasitemia that progresses to a chronic phase. In this phase, the infection may remain silent for decades and about 30% of infected individuals can develop cardiac and intestinal complications [5] .
Chagas disease can be treated with nifurtimox and benznidazole [6, 7] . Both are effective at the onset of the disease, but the efficacy of these drugs diminishes in the chronic phase. Currently, there is no clear consensus on the usefulness of standard therapy for treating chronic infection. Moreover, these drugs have some disadvantages; for instance, their high toxicity, their high cost, their multiple adverse effects and the need for long-term administration, which in many cases leads to abandonment of treatment. As a result of this, therapeutic failure and the emergence of resistant strains is frequent [8] [9] [10] [11] . Therefore, the discovery of new drugs for the pharmacological treatment of Chagas disease is necessary [12] .
Several researchers have been demonstrating the trypanocidal effect of quinoxaline derivatives. Quinoxalines are heterocyclic compounds formed by a benzene ring and a pyrazine ring. This chemical structure offers many possibilities for structural modification. It has been shown that the oxidation of both nitrogen atoms increases activity against Mycobacterium tuberculosis [13] , Entamoeba histolytica [14] , Trichomonas spp. [15] , Plasmodium falciparum [16] , Leishmania spp. [17] and particularly, T. cruzi. Cerecetto et al. [18] reported the first group of quinoxaline 1,4 di-N-oxide derivatives with anti-T. cruzi activity against the epimastigote life cycle form. They proposed that the N-oxide group acts as a pharmacophore. Subsequently, the trypanocidal activity of new quinoxaline N-N´-oxide derivatives was reported by Aguirre et al. [19] , who suggested that these derivatives act as a substrate of essential enzymes of T. cruzi, generating oxygen reactive species harmful to the parasite. Another study by Ancizu et al. [20] reported the synthesis of carboxylic acid quinoxaline 1,4 di-N-oxide derivatives (CAQDO) which were further evaluated in vitro; two molecules obtained IC 50 values similar to the reference drug nifurtimox. The study by Benitez, et al. [21] found that a halogenated substituent on the quinoxaline 1,4-di-N-oxide ring increased biological activity. The most recent study by Torres et al. [22] confirmed the importance of a trifluoromethyl group at R3-position, increasing trypanocidal activity and reducing host cell cytotoxicity. Our research group reported the synthesis and biological evaluation of methyl and ethyl quinoxaline-7-carboxylate 1,4-di-N-oxides against T. cruzi; three compounds (M2, M6 and M8), showed good activity against bloodstream trypomastigotes NINOA and INC-5 of T. cruzi with about 50% lysis at 5 µg/mL (M2 or T-003 = 14.73 µM, M8 or T-044 = 17.98 µM and M6 or T-021 = 14.91 µM). In the same study, molecular docking analysis suggested that these compounds could be trypanothione reductase (TR) inhibitors [23] . The contribution of methyl and ethyl ester groups in the trypanocidal activity was not clear; therefore, in this work, new propyl and isopropyl esters at 7-position on the quinoxaline ring were evaluated on epimastigotes and trypomastigotes of T. cruzi. Additionally, molecular docking analysis and enzymatic assays were performed on TR to confirm the mechanism of action of our derivatives.
Results and Discussion

Biological Activity In Vitro on Epimastigotes
In Table 1 , the IC 50 , CC 50 and SI values obtained for propyl and isopropyl quinoxaline-7-carboxylate 1,4-di-N-oxide derivatives against T. cruzi INC-5 epimastigotes are showed. Seven derivatives showed an IC 50 less or equal to 10 µM and were more active than the reference drugs, nifurtimox and benznidazole. T-085 was the most active compound with an IC 50 value < 2.5 µM, while T-069, T-070, T-071, T-116, and T-124 showed IC 50 values ranging from 2.83 to 12.12 µM. Additionally, T-067 was more active than benznidazole, but not nifurtimox. The data represent the mean and SD of triplicate experiments. Nd a : Not determined A structure-activity relationship (SAR) analysis showed that the propyl derivatives had low biological activity, except compounds T-089 and T-124, which possess a trifluoromethyl group at 3-position. The incorporation of this group was key in the trypanocidal activity; for example, T-090 has a methyl group at 3-position, but when it is substituted for trifluoromethyl in T-124, biological activity increases 36-fold.
On the other hand, SAR analysis of isopropyl derivatives confirmed that compounds with a trifluoromethyl group at 3-position (T-067, T-069, T-070, T-071, T-085 and T-116) had better biological activity than compounds that have a methyl group (T-64, T-065, T-066, T-T-097, T-098 and T-108). Again, the effect of the trifluoromethyl group is evident; for example, in compounds T-065 and T-098, there was a change from the methyl to trifluoromethyl group to obtain compounds T-116 and T-071, respectively, enhancing considerably (>25-fold) their trypanocidal The data represent the mean and SD of triplicate experiments. Nd a : Not determined.
A structure-activity relationship (SAR) analysis showed that the propyl derivatives had low biological activity, except compounds T-089 and T-124, which possess a trifluoromethyl group at 3-position. The incorporation of this group was key in the trypanocidal activity; for example, T-090 has a methyl group at 3-position, but when it is substituted for trifluoromethyl in T-124, biological activity increases 36-fold.
On the other hand, SAR analysis of isopropyl derivatives confirmed that compounds with a trifluoromethyl group at 3-position (T-067, T-069, T-070, T-071, T-085 and T-116) had better biological activity than compounds that have a methyl group (T-64, T-065, T-066, T-T-097, T-098 and T-108). Again, the effect of the trifluoromethyl group is evident; for example, in compounds T-065 and T-098, there was a change from the methyl to trifluoromethyl group to obtain compounds T-116 and T-071, respectively, enhancing considerably (>25-fold) their trypanocidal activity. These results are in agreement with a previous report by Benitez et al. [21] and Torres et al. [22] with other quinoxaline 1,4 di-N-oxide derivatives with trypanocidal activity. The trifluoromethyl group is stable and is related to the lipophilicity of the molecules [24] suggesting that the target of quinoxaline derivatives is internal.
On the other hand, the compounds, T-117 and T-118, have more than one trifluoromethyl group in R3 and R2, respectively; however, in excess-halogenated groups decrease epimastigote biological activity. Also, for the isopropyl derivatives with a trifluoromethyl group at 3-position, the analysis of the effects of the substituents at 2-position was important. T-069, T-071, and T-073 have bioisostere groups; however, T-073, with a furan group, showed an 8-fold decreased effect. Therefore, replacement of a sulfur atom by oxygen reduces biological activity. Additionally, the incorporation of a naphthyl group that enhances the size and polarity of the moiety T-072, decreases trypanocidal activity. Interestingly, compounds T-070 and T-085, with a methyl and a terbutyl group at 2-position, respectively, had better trypanocidal activity.
In our previous work, the effect on trypanocidal activity between the methyl and ethyl ester group at 7-position on quinoxaline 1,4-di-N-oxide in analogue compounds was not conclusive [23] ; however, in this study, the results showed that the change from a propyl to an isopropyl group does not confer an advantage on biological activity. The analogues compounds, T-116 and T-124 with a propyl and isopropyl group, respectively, showed a similar biological activity (IC 50 5.20 and 4.21 µM, respectively); this same biological behavior occurs between T-069 and T-089 (IC 50 4.95 and 7.59 µM, respectively).
When analyzing the cytotoxic effect of quinoxaline derivatives on mammalian cells, the compounds T-126 and T-130 had the lowest cytotoxic effect; however, they were inactive on epimastigotes with both compounds having a methyl group in R3. On the other hand, T-071 was the most toxic compound with a benzyl group in R2.
The selectivity index (SI), which reflects the impact of the compound on the parasite, was determined by the ratio of the CC 50 of mammalian cells and the parasite IC 50 [25, 26] . Compounds T-070 and T-085 showed the highest SI, becoming lead compounds from this study against epimastigotes of T. cruzi; both compounds have an isopropyl carboxylate group, a trifluoromethyl group, and a short aliphatic chain at R7-, R3-and R2-position, respectively. In general, all compounds showed lower selectivity than the reference drugs; therefore, we propose that rational structural modifications can be made to these molecules to decrease toxicity.
Biological Activity In Vitro towards Trypomastigotes T. cruzi
The compounds were evaluated in vitro against bloodstream trypomastigotes of the NINOA and INC-5 strains. Initially, all compounds were evaluated at a single concentration (50 µg/mL) to identify molecules with the best activity against this stage of the parasite and to select those that induce at least 50% lysis. Compounds with a better lysis percentage on both strains were T-069, T-071, T-085 and T-089. The compound T-085 showed a better trypanocidal activity than the reference drugs against trypomastigotes (Table 2 ). However, in future studies, T-085 needs to be tested against the amastigote life cycle stage of the parasite to know its biological effects in this form.
Epimastigotes were more sensitive under the conditions tested to quinoxaline 1,4 di-N-oxide derivatives than bloodstream trypomastigotes; only half of the compounds that showed activity against epimastigotes were active against trypomastigotes.
Compounds T-067, T-070, T-116 and T-124 showed good activity on epimastigotes, but significantly reduced their activity on bloodstream trypomastigotes. T-067, T-116 and T-124 have a carboxylate group at R2-and compound T-070 has a carbonyl group at R2-, followed by a primary carbon. Interestingly, the four compounds that were active against bloodstream trypomastigotes have a carbonyl group followed by a tertiary carbon instead. The previous SAR analysis highlights the importance of maintaining a carbonyl group in R2 to conserve activity in both stages of the parasite.
In the life cycle of T. cruzi, the epimastigote form is found in the vector and the bloodstream trypomastigote form in the mammal [1] , each biological form of the parasite requires different culture conditions, therefore the methodology used to evaluate the effect of the compounds and the results are not the same. Evaluation in bloodstream trypomastigotes is important because it is the infectious form in mammals and is the main form in acute phase of the infection where parasitemia is high. As mentioned, experimental assays in both parasites forms, display different information. In this work, the ability of the compounds to lyse trypomastigotes was measured while the viability of epimastigotes following compounds exposure was determined. In trypomastigotes, the effect on cell proliferation cannot be determined because in this phase the parasite does not divide; however, the effect on cell lysis, loss of mobility or loss of infectivity can be evaluated [25] . The data represent the mean and SD of triplicate experiments. Nd a : Not determinated.
In Silico Binding Prediction
The prediction values of the binding-energy of quinoxaline 1,4-di-N-oxide derivatives docked in the TR protein are shown in Table 3 . In this analysis, we added three compounds that our research group previously reported as potential TR inhibitors (T-003 or M2, T-021 or M6 and T-044 or M8) [23] . A total of 16 compounds showed a higher binding-energy than the natural substrate trypanothionine (range: from −5.9 to −6.7 Kcal/mol) and 13 compounds showed the lowest binding energy (range: from −6.9 to −8.6 Kcal/mol). The compounds with the highest free energy (in comparison with trypanothionine) also had the lowest molecular weights (mean = 337.01, S.D. 42.47) , and the compounds with the best binding affinity had the highest molecular weights (mean = 403.44, S.D. 48.24). These were statistically significant in an independent-sample t test (t = −4.1091, df = 28.168, p-value = 0.0003). This statistical analysis indicates that compounds with better binding energy are influenced by a summation of atom-pair interaction (Vina score calculation) caused by their high MW. In addition, a Spearman correlation analysis (r = −0.08, p = 0.77) was not significant, showing that the predicted affinity for those compounds is due to specificity and not to the size of the molecule [27] . On the other hand, in these results, it is evident that the predicted binding energy follows a similar behavior to the in vitro analysis. It is interesting that among the compounds with the best binding energy, there are some isopropyl derivatives with a trifluoromethyl group at 3-position that in SAR analysis have the best biological activity. For example, compound T-085 showed notable in vitro trypanocidal effects in epimastigotes and trypomastigotes. It has been reported that the essential residues involved in the catalysis of the TR protein are Cys53 and Cys58 and the active-site base His461 [27] . Thus, we inspect the interactions of the best compound T-085 with a focus on those essential amino acids ( Figure 1 ). T-085 is in contact thorough hydrogen bonds with two amino acids, and through hydrophobic bonds with eight amino acids; among these, the essential catalytic His461. Thus, this compound is probably interfering with the TR-trypanothione disulfide binding process, but this needs further enzymatic validation. 
TR Inhibition
Based on previous reports [23] and previous docking analysis, we suggested that quinoxaline-7-carboxylate-1,4-di-N-oxide derivatives could bind and inhibit TR. This molecular mechanism of action might explain the observed antiparasitic activity against T. cruzi. On this basis, three methyl (T-003, T-021, and T-044) and one isopropyl (T-085) quinoxaline-7-carboxylate 1,4-di-N-oxide derivatives ( Figure 2 ) were selected to test their ability to inhibit TR, using a biochemical assay [29] . Red lines represent hydrophobic interaction of non-ligand residues, green dashed lines represents hydrogen amino acid-ligand interaction and its length, black balls joined with blue balls represent ligand bonds, green balls represents the 3F atoms. The plot was created with LigPlot + software [28] . 
Based on previous reports [23] and previous docking analysis, we suggested that quinoxaline-7-carboxylate-1,4-di-N-oxide derivatives could bind and inhibit TR. This molecular mechanism of action might explain the observed antiparasitic activity against T. cruzi. On this basis, three methyl (T-003, T-021, and T-044) and one isopropyl (T-085) quinoxaline-7-carboxylate 1,4-di-N-oxide derivatives ( Figure 2 ) were selected to test their ability to inhibit TR, using a biochemical assay [29] . 
Based on previous reports [23] and previous docking analysis, we suggested that quinoxaline-7-carboxylate-1,4-di-N-oxide derivatives could bind and inhibit TR. This molecular mechanism of action might explain the observed antiparasitic activity against T. cruzi. On this basis, three methyl (T-003, T-021, and T-044) and one isopropyl (T-085) quinoxaline-7-carboxylate 1,4-di-N-oxide derivatives ( Figure 2 ) were selected to test their ability to inhibit TR, using a biochemical assay [29] . In the first step, the compounds were studied at a fixed concentration of 100 µM or 40 µM of substrate TS 2 . Under these conditions, only the quinoxaline T-085 proved to be a TR inhibitor. At 60 µM, the highest concentration that could be measured in the assay, T-085, showed 60% inhibition (Table 4) . T-021 and T-044 displayed no or negligible inhibitory activity, even when tested at 100 µM; however, these compounds had trypanocidal activity previously [23] . This suggests another mechanism of action for their biological effect. From these results, we concluded that the quinoxaline-7-carboxylate-1,4-di-N-oxide scaffold can be a suitable motif for TR recognition only when a proper group is attached at 2-position. In fact, the carboxamide T-044 and the tert-butyl ester T-021 did not inhibit the enzyme, whereas the ketone T-085 displayed a significant inhibition. Furthermore, the percentages of inhibition were virtually identical at the two substrate concentrations (Table 4 ). This suggested an inhibitory mechanism independent of the substrate concentration. Indeed, a Lineweaver-Burk plot revealed T-085 as a non-competitive inhibitor with a Ki of 35.0 µM (Figure 3) . The Ki-value for these compounds is comparable to those of other known TR inhibitors such as mepacrine (Ki = 19 µM).
In [23] . This suggests another mechanism of action for their biological effect. From these results, we concluded that the quinoxaline-7-carboxylate-1,4-di-N-oxide scaffold can be a suitable motif for TR recognition only when a proper group is attached at 2-position. In fact, the carboxamide T-044 and the tert-butyl ester T-021 did not inhibit the enzyme, whereas the ketone T-085 displayed a significant inhibition. Furthermore, the percentages of inhibition were virtually identical at the two substrate concentrations (Table 4 ). This suggested an inhibitory mechanism independent of the substrate concentration. Indeed, a Lineweaver-Burk plot revealed T-085 as a non-competitive inhibitor with a Ki of 35.0 µM (Figure 3) . The Ki-value for these compounds is comparable to those of other known TR inhibitors such as mepacrine (Ki = 19 µM). To assess selectivity over the human homologue glutathione reductase (GR), T-085 was studied at a fixed concentration (5, 10, 20, 40 and 60 µM) against both enzymes and the results are graphically depicted in Figure 4 . Regrettably, compound T-085 has a similar IC 50 value of 50 µM against TcTR and hGR. The collected results suggest that T-085 is a good starting point for future medicinal chemistry studies to identify novel derivatives with higher TR inhibitory potency, an improved selectivity profile over the host GR and lower toxicity.
To assess selectivity over the human homologue glutathione reductase (GR), T-085 was studied at a fixed concentration (5, 10, 20, 40 and 60 µM) against both enzymes and the results are graphically depicted in Figure 4 . Regrettably, compound T-085 has a similar IC50 value of 50 µM against TcTR and hGR. The collected results suggest that T-085 is a good starting point for future medicinal chemistry studies to identify novel derivatives with higher TR inhibitory potency, an improved selectivity profile over the host GR and lower toxicity. 
Materials and Methods
Synthetic Compounds
Propyl and isopropyl quinoxaline-7-carboxylate 1,4-di-N-oxide derivatives were synthetized as described by Gomez-Caro et al. [30] . The compounds were characterized by infrared (IR), nuclear magnetic resonance (NMR), and elemental analysis. Stock solutions of the compounds were prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, Toluca, Edo de Mexico, Mexico), the subsequent serial dilutions were made in phosphate-buffered saline (PBS). The final DMSO concentration did not exceeded 1% [31] . Nifurtimox (Nfx: Lampit™, Bayer, Lot: 12060199, El Salvador) and benznidazol (Bnz; Rochagan™, Roche, Lot: 110878, Rio de Janeiro, Brazil) were used as reference drugs. 
Chemical Compounds
T-064: Isopropyl methyl-3-methyl-quinoxaline-2,7-dicarboxylate 1,4-di-N-óxide.
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Biological Assays
Parasites
In this study, two strains of T. cruzi isolated in Mexico were used. T. cruzi NINOA strain (MHOM/MX/1994/NINOA) was obtained from a patient with acute Chagas disease [32] and T. cruzi INC-5 (MHOM/MX/1994/INC5) was isolated from a patient in the chronic phase of the disease [33] . Epimastigotes were cultured in vitro in liver infusion-tryptose (LIT) medium supplemented with 10% heat inactivated fetal bovine serum (FBS) (Gibco) and 100 U/mL penicillin-streptomycin (In vitro S.A.), and incubated at 27 • C. CD1 mice, aged 6-8 weeks, were infected with T. cruzi to obtain bloodstream trypomastigote samples. Animal experiments were performed according to Norma Oficial Mexicana (NOM-062-Z00-1999) published on 22 August, 2009.
Evaluation on Epimastigotes and IC 50
Viability assays of T. cruzi epimastigotes using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were performed. Briefly, the parasites were harvested during the exponential growth phase for a period of five days. In a 96-well microplate 1x10 6 epimastigotes were deposited in brain-heart infusion (BHI) medium supplemented with 10% FBS and 100 U/mL antibiotic-antifungal mixture (Gibco). Five concentrations serial twofold from 50 µg/mL to 3.12 µg/mL for each of the quinoxaline 1,4-di-N-oxide derivatives and the reference drugs (Nfx and Bnz) were evaluated. Each well reached a final volume of 100 µL. Each condition was assessed in triplicate. The microplate was incubated for 24 h at 27 • C in darkness. Afterwards, 10 µL of a 5 mg/mL MTT solution was added and the plate was incubated for 20 h at 27 • C. Then 200 µL of 10% dodecyl sulfate (SDS)/0.1% HCl solution was added to dissolve formazan salts; the plate was incubated an additional 4 h. Finally, the plate was read at 570 nm in a spectrophotometer (Multiskan EX Thermo Electron, Taipei, Taiwan). The amount of viable cells was proportional to the amount of formazan produced. The inhibitory concentration of 50% of the population (IC 50 ) was determined by the Probit statistical tool. Later the results were converted to micromolar units. Compounds with an IC 50 less or equal to 10 µM were selected. As a positive control, parasites were incubated only in culture medium with a 1% DMSO concentration, corresponding to the highest sample dilution of DMSO [34] [35] [36] .
Evaluation on Bloodstream Trypomastigotes and LC 50
CD1 female mice 6-8 weeks old were infected with T. cruzi bloodstream trypomastigotes of the INC-5 and NINOA strains. The course of infection continued for 4-6 weeks. At the peak of parasitemia blood was obtained by cardiac puncture using sodium heparin as an anticoagulant. The blood was adjusted to 1 × 10 6 bloodstream trypomastigotes/mL.
In each well of the 96-well plate, 195 µL of infected blood and 5 µL of quinoxaline 1,4-di-N-oxide derivatives or reference drug dilutions were seeded, with each well reaching a final volume of 200 µL. Each assay was performed in triplicate. Initially, all compounds were tested at 50 µg/mL. Afterwards, the compounds with a percentage of lysis >50 were tested at five concentrations (100 to 10 µg/mL) to obtain a lysis concentration of 50% of the population (LC 50 ). As a negative control of lysis, wells with untreated blood trypomastigotes were used, and as a positive control, wells with the reference drugs were used. The microplates were incubated at 4 • C for 24 h. Bloodstream trypomastigotes were quantified by the method of Brener-Pizzi, 5 µL of blood were placed on a slide and covered with a coverslip 13 × 13 mm. The mobile protozoa were counted in 15 fields at 40× magnification using an optical microscope. The percentage lysis was determined by comparing the remaining trypomastigotes against the negative control. LC 50 was determined with the Probit statistical tool. The results were later converted to micromolar units [23, 37, 38] .
Cytotoxicity Assay and CC 50
The murine macrophage cell line J774.A1 was maintained in culture flasks with RPMI 1640 medium supplemented with 10% FBS, 1% MEM-NEAA medium (Gibco) and 100 U/mL antibiotic-antifungal mixture (Gibco). Cells were incubated at 37 • C with 5% CO 2 and humidity. Trypsinized J774.A1 macrophages were washed and viability was assessed by the trypan blue dye (Sigma-Aldrich, Toluca, Edo de Mexico, Mexico) exclusion assay. In a 96-well microplate, 50,000 macrophages were seeded per well and a dose-response assay was performed. Compounds were evaluated using six-fold serial dilutions ranging from 100 µg/mL to 0.3 µg/mL of final concentration. Each compound was tested in triplicate. After 20 h incubation, Alamar Blue was added (10% v/v) and cells were incubated for an additional 4 h period. Results were obtained as previously described and CC 50 was calculated. As a negative control of cytotoxicity, cells were incubated only in the presence of 0.1% DMSO [39, 40] .
Determination of the SI and Selection of Active Compounds
The selectivity index (SI) was calculated to evaluate the selectivity of the molecules for the parasite. SI is defined as the ratio of CC 50 /IC 50 [41] .
Molecular Docking
In silico molecular docking studies were performed with Vina software [42] in order to predict the binding energy of the quinoxaline 1,4-di-N-oxide derivatives on the active site of the TR protein from T. cruzi. The TR crystal structure with PDBID: 1BZL [27] was downloaded from the protein databank (www.rcsb.org). This protein exists co-crystalized with its natural substrate trypanothione disulfide, which is located on the active site formed by the interface of the two dimers that comprise the whole protein. The crystal structure was prepared as a receptor by removing the waters and substrates and adding the Gasteiger charges using AutoDock software [43] . Then the location of the natural ligand on the active site was inspected to obtain the optimal grid box using the AutoDock graphical interface. The grid box size employed was 17 Å for each X, Y, and Z dimension and separated by 1 Å grid points; the center was located at 24.914, 10.253, −5.117 for X, Y, and Z dimensions, respectively. The grid box coordinates were used to dock the quinoxaline 1,4-di-N-oxide derivatives including trypanothionine. The compounds were drawn and energy minimized with MarvinSketch software (www.chemaxon.com). The hydrogens were added with babel software and the Gasteiger charges were added during the transformation to pdbqt format with the "prepare-ligand.py" script from AutoDock tools. For each docked ligand the predicted binding energy reported in Vina scores (the summation includes all of the pairs of atoms that are move relative to each other) [42] was used to rank the best TR protein inhibitors in comparison with the natural trypanothione substrate. Compounds with higher binding-energy values than the substrate TR are weak-binding ligands and those with lower binding-energy values are potential stronger-binding ligands. The molecular weight for each compound was also calculated with MarvinSketch software. The mean, standard deviations, Spearman´s correlation and the independent-sample t-test were performed with R software [44] .
Enzyme Inhibitor Studies
Trypanothione disulfide (TS 2 ) and recombinant T. cruzi TR were prepared following published procedures [45, 46] . Recombinant human glutathione reductase (GR) was kindly provided by Dr. Heiner Schirmer, Heidelberg Germany. Stock solutions (5 mM) of the inhibitors were prepared in DMSO. The kinetic analyses were conducted using a Jasco V650 spectrophotometer. All enzymatic tests were performed in polystyrene optical cuvettes (10 × 4 × 45 mm). TR activity was measured at 25 • C in a total volume of 1 mL TR assay buffer (40 mM HEPES, 1 mM EDTA, pH 7.5 [47] ) containing 100 µM NADPH and 5-10 mU enzyme in the absence and presence of the inhibitor. Each assay contained a total of 5% DMSO. The reaction was started by adding TS 2 and NADPH consumption was followed at 340 nm.
GR activity was measured at 25 • C in a total volume of 1 mL GR assay buffer (20.5 mM KH 2 PO 4 , 26.5 mM K 2 HPO 4 , 200 mM KCl, 1 mM EDTA, pH 6.9). The assays contained 100 µM NADPH and 5-10 mU GR and varying concentrations of the inhibitor. The reaction was started by adding 100 µM GSSG and the absorption decrease was followed at 340 nm.
IC 50 Determination
Five compound concentrations were used ranging from 100-5 µM. All measurements were performed twice in three independent series. Enzyme activity was plotted versus increasing inhibitor concentrations. IC 50 values were calculated using the four-parameter equation model 205 and the option "unlock" from the XLfit add-in (IDBS, Guildford, United Kingdom) for Excel (Microsoft Corporation, Redmond, WA, USA).
Determination of the Type of Inhibition
The type of inhibition and the inhibitor constants were derived from Lineweaver-Burk plot. The activity of TR was measured in the absence and presence of two to three constant concentrations of inhibitor varying the concentration of TS 2 (20, 40, 60 , 100 and 200 µM). The inhibitory constant Ki was calculated from the direct plot using nonlinear least-squares data fitting in Excel spreadsheet [48, 49] .
Conclusions
In this study, in vitro evaluations of propyl and isopropyl 7 quinoxaline carboxylate 1,4-di-N-oxide derivatives against epimastigotes and trypomastigotes of T. cruzi were made. Four compounds were active against both forms of the parasite; one of them, T-085, showed a better trypanocidal activity than the reference drugs, exhibited a moderate selectivity against the epimastigote and bloodstream tripomastigotes life cycle of the parasite and a high affinity in docking and enzymatic analysis for TR. The latter demonstrated that T-085 acts as a noncompetitive inhibitor. Structurally, the presence of an isopropyl carboxylate group in R7, a trifluoromethyl group in R3, and a carbonyl group in R2 of quinoxaline 1,4-di-N-oxide derivatives, favors its anti-trypanocidal activity as a TR inhibitor.
